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(54) DELIVERY OF MATERIALS TO ANUCLEATE CELLS

(57) The current subject matter includes methods,
systems, articles, and techniques to deliver material to
anucleate cells, such as red blood cells. Using a rapid
deformation based microfluidic system, loading of red
blood cells with macromolecules of different sizes has
been shown. Although delivery to some mammalian
cells, such as cancer cell lines and fibroblasts had been
previously demonstrated using this technique, those de-
signs were incompatible with RBCs that have dramati-
cally different physical properties. Through the use of

smaller constriction sizes, high speeds and different buff-
ers successful delivery to red blood cells can be
achieved. By enabling robust delivery to red blood cells
in a simple, scalable manner, the current subject matter
can be implemented in a diversity of applications that
deliver material to study red blood cell diseases and/or
use red blood cells as a therapeutic platform. Related
apparatus, systems, techniques, and articles are also de-
scribed.
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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provi-
sional Application No. 62/190,677, filed, July 9th, 2015,
which is incorporated by reference herein in its entirety.

STATEMENT AS TO FEDERALLY-SPONSORED RE-
SEARCH

[0002] This invention was made at least in part with
Government support under R01GM101420-01A1
awarded by the National Institute of Health (NIH) and
under RC1EB011187-02 awarded by the NIH. The Gov-
ernment has certain rights in this invention.

TECHNICAL FIELD

[0003] The subject matter described herein relates to
delivery of materials to anucleate cells, for example de-
livering macromolecules to red blood cell cytoplasm.

BACKGROUND

[0004] Adult humans have approximately 20-30 trillion
red blood cells (RBCs) at a given time, amounting to ap-
proximately a quarter of the total number of cells in the
human body and comprising 40-45% of total blood vol-
ume. RBCs are anucleate (e.g., lacking a nucleus) and
have a half-life of approximately 127 days in circulation.
This long half-life and relative abundance make RBCs
an attractive candidate for novel therapeutics platforms.
Modification of RBCs to provide clinically beneficial func-
tions can allow them to be used to facilitate longitudinal
therapeutic benefits. These therapeutic benefits are es-
pecially applicable in the context of therapies against in-
tracellular parasites, such as those that cause malaria,
and in the treatment of genetic defects affecting RBC
function (e.g., sickle cell disease). The long half-life of
RBCs can allow for the persistence of a drug or treatment
for significantly longer than synthetic carriers and thus
allows for prolonged, sustained release of the drug, as
well as minimal injections or administrations. Red blood
cells further have the capability to access most sites in
the human body, potentially expanding the applications
of existing treatment regimens that may be restricted to
a specific administration route. Furthermore, due to the
tolerogenic nature of red blood cells, the delivered ma-
terial can be used to control the immune response.
[0005] However, the modification of red blood cells
presents several challenges, as their unique structural
and physiological properties make it difficult to deliver
material into their cytoplasm. Conventional techniques
such as electroporation and lipofection in isolation can
be ineffective in these cell types due to a lack of repair
mechanisms and endocytic pathways. Alternative meth-
ods using osmotic shock can kill or severely destabilize

red blood cells, severely reducing the half-life of the red
blood cell. As such, there is a need in the art for systems
and methods that allow for the delivery of compounds to
the cytosol of RBCs and other anucleate cells without a
loss of cell viability or function.
[0006] The methods and systems described herein
have overcome the barriers to penetration of RBCs while
preserving the viability and function of these cells com-
pared to other methods. Using a rapid deformation based
microfluidic system, loading of red blood cells with mac-
romolecules of different sizes has been shown. Although
delivery to some mammalian cells, such as cancer cell
lines and fibroblasts, has been previously demonstrated
using this technique, the designs of those particular mi-
crofluidic systems were incompatible with RBCs, due to
the dramatically different physical properties of the cell
types being processed. Through the optimization of mul-
tiple parameters, including the use of one or more of
smaller constriction sizes, high pressure, and different
buffers, successful delivery of materials to RBCs was
achieved. Moreover, the current subject matter is not ma-
terial specific and can enable delivery of a diversity of
materials, such as nucleic acids, proteins, small molecule
drugs, to the cytosol of anucleate cells. By enabling ro-
bust delivery to RBCs in a simple, scalable manner, the
current subject matter can be implemented in a diversity
of applications that deliver material to study red blood
cell diseases and facilitate the use red blood cells as a
therapeutics platform.

BRIEF SUMMARY

[0007] Embodiments of the current invention are di-
rected to a microfluidics system for causing perturbations
in a cell membrane, the system comprising at least one
microfluidics channel defining a lumen and being config-
ured such that a cell suspended in a buffer can pass
therethrough, wherein the microfluidics channel compris-
es at least one cell-deforming constriction comprising a
length, a depth, and a width, wherein the wide of the
constriction is less than 4 micrometers. In one embodi-
ment of this aspect of the disclosure, said cell is anucle-
ate. In one embodiment of this aspect of the disclosure,
said cell is one or more of a red blood cell, an erythrocyte,
a reticulocyte, or a platelet. In a further embodiment of
this aspect of the disclosure, said cell suspended in a
buffer comprises unmodified blood. In a further embod-
iment of this aspect of the disclosure, said cell is a healthy
cell. In one embodiment of this aspect of the disclosure,
said cell is a diseased or infected cell.
[0008] Certain embodiments of the present disclosure
are directed to a microfluidics system described herein
for causing perturbations in a cell membrane, the system
comprising at least one microfluidics channel defining a
lumen and being configured such that a cell suspended
in a buffer can pass therethrough, wherein the microflu-
idics channel comprises at least one cell-deforming con-
striction comprising a length, a depth, and a width, where-

1 2 



EP 4 257 675 A2

3

5

10

15

20

25

30

35

40

45

50

55

in the wide of the constriction is less than 4 micrometers.
In certain embodiments of this aspect of the disclosure,
the width of the constriction is between 0.5 micrometers
and 4 micrometers. In further embodiments of this aspect
of the disclosure, the width of the constriction is between
3 micrometers and 4 micrometers. In a further embodi-
ment of this aspect of the disclosure, the width of the
constrictions is less than the largest diameter of the cell.
In some embodiments of this aspect of the disclosure,
the width is about 20% to about 99% of the largest diam-
eter of the cell. In a further embodiment of this aspect of
the disclosure, the length of the constrictions is 30 mi-
crometers or less. In a further embodiment of this aspect
of the disclosure, the length is between 10 micrometers
and 30 micrometers. In certain embodiments of this as-
pect of the disclosure, the length of the constriction is
between 10 micrometers and 20 micrometers. In a further
embodiment of this aspect of the disclosure, the depth
of constriction is between 1mm and 1mm. In a further
embodiment, the depth of constriction is about 20mm. In
certain embodiments of this aspect of the disclosure, the
depth of constriction and the width of constriction are
equal.
[0009] Certain embodiments of the present disclosure
are directed to a microfluidics system described herein
for causing perturbations in a cell membrane, the system
comprising at least one microfluidics channel defining a
lumen and being configured such that a cell suspended
in a buffer can pass therethrough, wherein the microflu-
idics channel comprises at least one cell-deforming con-
striction comprising a length, a depth, and a width, where-
in the wide of the constriction is less than 4 micrometers.
In certain embodiments of this aspect of the disclosure,
the microfluidics system comprises multiple microfluidics
channels. In a further embodiment of this aspect of the
disclosure, the microfluidics system comprises multiple
microfluidics channels arranged in parallel. In certain em-
bodiments of this aspect of the disclosure, the microflu-
idics system comprises multiple cell-deforming constric-
tions. In a further embodiment of this aspect of the dis-
closure the microfluidics system comprises multiple cell-
deforming constrictions arranged in series in the same
microfluidics channel.
[0010] Certain embodiments of the present disclosure
include a microfluidics system for causing perturbations
in a cell membrane, the system comprising at least one
microfluidics channel defining a lumen and being config-
ured such that a cell suspended in a buffer can pass
therethrough, wherein the microfluidics channel compris-
es at least one cell-deforming constriction comprising a
length, a depth, and a width, wherein the wide of the
constriction is less than 4 micrometers. Certain embod-
iments of this aspect of the disclosure include microflu-
idics systems further comprising a cell driver adapted to
apply a pressure to the buffer for passing the cell sus-
pended in the buffer through the cell-deforming constric-
tion. In further embodiments of this aspect of the disclo-
sure, the cell driver is adapted to apply a pressure greater

than 90 psi to the buffer. In further embodiments of this
aspect of the disclosure, the cell driver is adapted to apply
a pressure of 120 psi. In still further embodiments of this
aspect of the disclosure, the cell driver is selected from
a group comprising a pressure pump, a gas cylinder, a
compressor, a vacuum, a syringe, a syringe pump, a per-
istaltic pump, a pipette, a piston, a capillary actor, a hu-
man heart, human muscle, gravity, and a microfluidic
pump.
[0011] Certain embodiments of the present disclosure
include a microfluidics system for causing perturbations
in a cell membrane, the system comprising at least one
microfluidics channel defining a lumen and being config-
ured such that a cell suspended in a buffer can pass
therethrough, wherein the microfluidics channel compris-
es at least one cell-deforming constriction comprising a
length, a depth, and a width, wherein the wide of the
constriction is less than 4 micrometers. Further embod-
iments of this aspect of the disclosure include microflu-
idics systems wherein a cross-section of the channel is
selected from the group consisting of circular, elliptical,
an elongated slit, square, hexagonal, and triangular.
[0012] Certain embodiments of the present disclosure
are directed to methods comprising passing a cell sus-
pended in a buffer through a microfluidic channel that
includes a cell-deforming constriction such that a pres-
sure is applied to the cell causing perturbations of the
cell large enough for a payload to pass through, wherein
a width of the constriction is less than 4 micrometers and
incubating the cell in a payload-containing solution for a
predetermined time before or after the cell passes
through the constriction. In a further embodiment of this
aspect of the disclosure, the cell is a nucleate. In certain
embodiments of this aspect of the disclosure, the cell is
one or more of red blood cells, erythrocytes, reticulo-
cytes, or platelets. In a further embodiment of this aspect
of the disclosure, the cell suspended in a buffer includes
unmodified blood. In certain embodiments of this aspect
of the disclosure, the cell is a healthy cell. In certain em-
bodiments of this aspect of the disclosure, the cell is an
infected or diseased cell.
[0013] Certain embodiments of the present disclosure
are directed to methods comprising passing a cell sus-
pended in a buffer through a microfluidic channel that
includes a cell-deforming constriction such that a pres-
sure is applied to the cell causing perturbations of the
cell large enough for a payload to pass through, wherein
a width of the constriction is less than 4 micrometers and
incubating the cell in a payload-containing solution for a
predetermined time before or after the cell passes
through the constriction. In a further embodiment of this
aspect of the disclosure, the width of the constriction is
between 0.5 micrometers and 4 micrometers. In a further
embodiment of this aspect of the disclosure, the width of
the constriction is between 3 micrometers and 4 microm-
eters. In certain embodiments of this aspect of the dis-
closure, the width of constriction is less than the largest
diameter of the cell. In certain embodiments of this aspect
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of the disclosure, the width of constriction is about 20%
to about 99% of the largest diameter of the cell.
[0014] Certain embodiments of the present disclosure
are directed to methods comprising passing a cell sus-
pended in a buffer through a microfluidic channel that
includes a cell-deforming constriction such that a pres-
sure is applied to the cell causing perturbations of the
cell large enough for a payload to pass through, wherein
a width of the constriction is less than 4 micrometers and
incubating the cell in a payload-containing solution for a
predetermined time before or after the cell passes
through the constriction. In a further embodiment of this
aspect of the disclosure, the pressure applied to the cell
is greater than 90 psi. In a further embodiment of this
aspect of the disclosure, the pressure applied to the cell
is120 psi. In certain embodiments of this aspect of the
disclosure, the buffer is a hypotonic buffer than causes
the cell to swell.
[0015] Certain embodiments of the present disclosure
are directed to methods comprising passing a cell sus-
pended in a buffer through a microfluidic channel that
includes a cell-deforming constriction such that a pres-
sure is applied to the cell causing perturbations of the
cell large enough for a payload to pass through, wherein
a width of the constriction is less than 4 micrometers and
incubating the cell in a payload-containing solution for a
predetermined time before or after the cell passes
through the constriction. In a further embodiment of this
aspect of the disclosure, the payload-containing solution
comprises one or more or proteins, small molecules, nu-
cleic acids, lipids, carbohydrates, macromolecules, vita-
mins, polymers, fluorescent dyes, fluorophores, carbon
nanotubes, quantum dots, nanoparticles, or steroids. In
a further embodiment of this aspect of the disclosure, the
payload-containing solution comprises proteins or dex-
tran polymers. In certain embodiments of this aspect of
the disclosure, the payload-containing solution compris-
es proteins and dextran polymers. In a further embodi-
ment of this aspect of the disclosure, the payload-con-
taining solution comprises a small molecule or a protein.
In certain embodiments of this aspect of the disclosure,
the payload-containing solution comprises a small mol-
ecule and a protein. In a further embodiment, the pay-
load-containing solution includes one or more of chloro-
quine, atovaquone-proguanil, artemether/lymefantrine,
quinine sulfate, mefloquine, hydroxychloroquine, pri-
maquine, quinidine, artesunate, artemisinin, sulfadox-
ine/pryimethamine, amodiaquine, sulfonamides, halo-
fantrine, doxycycline, tetracycline, clindamycin, hydrox-
yurea, hydrea, vitamin E, L-glutamine, acyclovir, ganci-
clovir, valacyclovir, or penciclovir, tri-peptides or tetra-
peptides.
[0016] Certain embodiments of the present disclosure
are directed to methods comprising passing a cell sus-
pended in a buffer through a microfluidic channel that
includes a cell-deforming constriction such that a pres-
sure is applied to the cell causing perturbations of the
cell large enough for a payload to pass through, wherein

a width of the constriction is less than 4 micrometers and
incubating the cell in a payload-containing solution for a
predetermined time before or after the cell passes
through the constriction. In a further embodiment of this
aspect of the disclosure, a cross section of the microflu-
idic channel is selected from the group consisting of cir-
cular, elliptical, an elongated slit, square, hexagonal, and
triangular. In certain embodiments of this aspect of the
disclosure, incubating the cell in a payload-containing
solution comprises incubating the cell for 0.0001 second
to 20 minutes.
[0017] Certain embodiments of the present disclosure
are directed to a method of treating an infection or dis-
ease, comprising passing a cell suspended in a buffer
through a microfluidic channel that includes a cell-de-
forming constriction such that a pressure is applied to
the cell causing perturbations of the cell large enough for
a payload to pass through, wherein a width of the con-
striction is less than 4 micrometers, incubating the cell in
a payload-containing solution for a predetermined time
before or after the cell passes through the constriction,
waiting for a predetermined amount of time for the per-
turbations of the cell to close such that the payload is
contained intracellularly, and administering the cell to a
patient in need thereof. In a further embodiment of this
aspect of the disclosure, the cell is anucleate. In certain
embodiments of this aspect of the disclosure, the cell is
one or more of red blood cells, erythrocytes, reticulo-
cytes, or platelets. In a further embodiment of this aspect
of the disclosure, the cell suspended in a buffer includes
unmodified blood. In further embodiments, the cell is a
healthy cell. In certain embodiments, the cell is a dis-
eased or infected cell.
[0018] Certain embodiments of the present disclosure
are directed to a method of treating an infection or dis-
ease, comprising passing a cell suspended in a buffer
through a microfluidic channel that includes a cell-de-
forming constriction such that a pressure is applied to
the cell causing perturbations of the cell large enough for
a payload to pass through, wherein a width of the con-
striction is less than 4 micrometers, incubating the cell in
a payload-containing solution for a predetermined time
before or after the cell passes through the constriction,
waiting for a predetermined amount of time for the per-
turbations of the cell to close such that the payload is
contained intracellularly, and administering the cell to a
patient in need thereof. In a further embodiment of this
aspect of the disclosure, the width of the constriction is
between 0.5 micrometers and 4 micrometers. In a further
embodiment of this aspect of the disclosure, the width of
the constriction is between 3 micrometers and 4 microm-
eters. In certain embodiments of this aspect of the dis-
closure, the width of constriction is less than the largest
diameter of the cell. In certain embodiments of this aspect
of the disclosure, the width of constriction is about 20%
to about 99% of the largest diameter of the cell.
[0019] Certain embodiments of the present disclosure
are directed to a method of treating an infection or dis-
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ease, comprising passing a cell suspended in a buffer
through a microfluidic channel that includes a cell-de-
forming constriction such that a pressure is applied to
the cell causing perturbations of the cell large enough for
a payload to pass through, wherein a width of the con-
striction is less than 4 micrometers, incubating the cell in
a payload-containing solution for a predetermined time
before or after the cell passes through the constriction,
waiting for a predetermined amount of time for the per-
turbations of the cell to close such that the payload is
contained intracellularly, and administering the cell to a
patient in need thereof. In further embodiments of this
aspect of the disclosure, the pressure applied to the cell
is greater than 90 psi. In certain embodiments of this
aspect of the disclosure, the pressure applied to the cell
is 120 psi. In further embodiments of this aspect of the
disclosure, the buffer is a hypotonic buffer that causes
the cell to swell. In certain embodiments of this aspect
of the disclosure, a cross-section of the microfluidic chan-
nel is selected from the group consisting of circular, el-
liptical, an elongated slit, square, hexagonal, and trian-
gular. In further embodiments, incubating the cell in a
payload-containing solution comprises incubating the
cell for 0.0001 seconds to 20 minutes.
[0020] Certain embodiments of the present disclosure
are directed to a method of treating an infection or dis-
ease, comprising passing a cell suspended in a buffer
through a microfluidic channel that includes a cell-de-
forming constriction such that a pressure is applied to
the cell causing perturbations of the cell large enough for
a payload to pass through, wherein a width of the con-
striction is less than 4 micrometers, incubating the cell in
a payload-containing solution for a predetermined time
before or after the cell passes through the constriction,
waiting for a predetermined amount of time for the per-
turbations of the cell to close such that the payload is
contained intracellularly, and administering the cell to a
patient in need thereof. In further embodiments, the pay-
load-containing solution comprises one or more of one
or more or proteins, small molecules, nucleic acids, lipids,
carbohydrates, macromolecules, vitamins, polymers, flu-
orescent dyes, fluorophores, carbon nanotubes, quan-
tum dots, nanoparticles, or steroids. In certain embodi-
ments, the payload-containing solution comprises a
small molecule or a protein. In certain embodiments, the
payload-containing solution comprises a small molecule
and a protein. In certain embodiments, the payload con-
taining solution includes one or more of hydroxyurea, hy-
drea, vitamin E, L-glutamine, acyclovir, ganciclovir, val-
acyclovir, penciclovir, tri-peptides, or tetra-peptides. In
certain embodiments of this aspect of the disclosure, the
cell is a sickle-cell disease affected cell. In further em-
bodiments, the payload-containing solution includes one
or more of chloroquine, atovaquone-proguanil, artemeth-
er/lymefantrine, quinine sulfate, mefloquine, hydroxy-
chloroquine, primaquine, quinidine, artesunate, artemisi-
nin, sulfadoxine/pryimethamine, amodiaquine, sulfona-
mides, halofantrine, doxycycline, tetracycline, or clin-

damycin. In certain embodiments of this aspect of the
disclosure, the cell is infected with a malaria causing par-
asite. In further embodiments, the malaria-causing par-
asite is P. falciparum.
[0021] Certain embodiments of the present disclosure
are directed to a method of treating an infection or dis-
ease, comprising passing a cell suspended in a buffer
through a microfluidic channel that includes a cell-de-
forming constriction such that a pressure is applied to
the cell causing perturbations of the cell large enough for
a payload to pass through, wherein a width of the con-
striction is less than 4 micrometers, incubating the cell in
a payload-containing solution for a predetermined time
before or after the cell passes through the constriction,
waiting for a predetermined amount of time for the per-
turbations of the cell to close such that the payload is
contained intracellularly, and administering the cell to a
patient in need thereof.. In certain embodiments, the pa-
tient in need thereof suffers from sickle cell disease. In
certain embodiments, the patient in need thereof is in-
fected with a malaria-causing parasite. In certain embod-
iments, the patient in need thereof is infected with P. fal-
ciparum.
[0022] The details of one or more variations of the sub-
ject matter described herein are set forth in the accom-
panying drawings and the description below. Other fea-
tures and advantages of the subject matter described
herein will be apparent from the description, drawings,
and claims.

DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1A and FIG. 1B illustrate an example of a
microfluidic system (5) that can be used for the delivery
of material, such as macromolecules, to anucleate cells,
such as RBCs. Shown are the microfluidic system (5),
including a channel defining a tubular lumen. The micro-
fluidic channel includes a constriction (15) with a center-
point (40), an entrance portion (35), and an exit portion
(45). Also shown is a cell (20) suspended in a buffer (25),
a cell passing through the constriction (15) (shown as
201), a perturbed cell (202) and an amount of time the
membrane remains disrupted after processing (τ). Also
shown in FIG. 1B is the delivery material (30) and a de-
livered cell (203).
[0024] FIG. 2A and FIG. 2B illustrate an example of a
microfluidic system that can be used for the delivery of
materials, such as macromolecules, to anucleate cells,
such as RBCs. Shown in FIG. 2A is a microfluidic channel
including a constriction with a length (L) and a width (W),
and an entrance portion including an angle of constriction
(α). Also shown is an amount of time the membrane re-
mains disrupted after processing (τ), and delivery mate-
rial (square). FIG. 2B illustrates another view of the mi-
crofluidic channel including a constriction with a length,
a width, and a depth.
[0025] FIG. 3A- FIG. 3C show a series of plots illus-
trating delivery of materials to RBCs using example mi-
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crofluidic systems and a series of images of red blood
cells during delivery of materials to RBCs. 70kDa dex-
tran-fluorescein (FIG. 3A) and 10 kDa dextran-allophy-
cocyanin (APC, FIG. 3B) were delivered using one of two
device designs; one with a 10mm length - 4mm width sin-
gle constriction (10mm x 4mm), and another with a 30mm
length - 5mm width constriction, with 5 constrictions in
parallel (30mm x 5mm, x 5). Histogram inserts in FIG. 3A
and FIG. 3B show the delivered population (M1, FIG. 3A
and M7, FIG. 3B) compared to the undelivered popula-
tion. FIG. 3C shows Giemsa-stained film smears of RBC
samples infected with a synchronized culture of P. falci-
parum parasites at various stages of parasite growth.
Time point 1 (T1) reflects ring-stage parasites (< 18 hours
post-invasion), time point 2 reflects trophozoite-stage
parasites (< T1 + 8 hours), time point 3 reflects tropho-
zoite-stage parasites (T1 + 22 hours), and time point 4
schizont-stage parasites (T1 + 30 hours).
[0026] FIG. 4A- FIG. 4B illustrate delivery of 10 kDa
Dextran-APC (FIG. 4A, left panel), 70 kDa Dextran-fluo-
rescein (FIG. 4A, middle panel) and a recombinant cyan
fusion protein (CFP) - yellow fusion protein (YFP) fusion
(62 kDa CFP-YFP fusion) (FIG. 4A, right panel), to RBCs
infected (top portion of bar graphs) or uninfected (bottom
portion of bar graphs) with trophozoite-stage P. falci-
parum parasites using a microfluidic device with a 30 mm
x 5 mm, x 5 design. FIG. 4B shows a photo of P. falci-
parum-infected, untreated RBCs.
[0027] FIG. 5A- FIG. 5B. illustrate the example micro-
fluidic system described and shown in FIG. 1A- FIG. 1B
and FIG. 2A- FIG. 2B (FIG. 5A), and example delivery
materials including lipids, polymers, nanoparticles, RNA,
DNA, antibodies, proteins, impermeable small mole-
cules, and fluorophores (FIG. 5B).
[0028] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0029] The subject matter described herein provides
many technical advantages and can allow for the use of
RBCs as a therapeutic platform. Red blood cells can be
ideal drug carriers due to their long half-life in circulation
(up to 127 days). However, red blood cells can be espe-
cially hard to manipulate due to the lack of active mem-
brane recovery processes such as an inability to tran-
scribe mRNA (Sharei et al., Integr Biol (Camb). 2014
Apr;6(4):470-475), a lack of other active processes such
as endocytosis, as well as their flexible nature and bi
concave shape. Example implementations of the current
subject matter overcome these challenges in order to
deliver materials to red blood cells by not relying on active
endocytosis and through the use of unique combinations
of conditions for the systems described herein. As such,
the current invention is based at least in part on the un-
expected finding that RBCs can restore perturbations in
their membranes, despite a lack of active membrane re-
pair processes.

[0030] The present disclosure relates to a microfluidics
system capable of delivering materials to the cytosol of
anucleate cells, such as RBCs, and methods of use. In
particular embodiments, the microfluidics system com-
prises at least one microfluidic channel defining a lumen
and being configured such that a cell suspended in a
buffer can pass therethrough, wherein the microfluidic
channel comprises at least one cell-deforming constric-
tion comprising a width, a depth, and a length, wherein
a width is less than 4mm.
[0031] Embodiments of the invention also pertain to
methods of delivering compounds and material (e.g., a
payload or cargo) to the cytosol of an anucleate cell (e.g.,
a red blood cell), comprising passing an anucleate cell
suspended in a buffer through a microfluidics channel
described herein that includes a cell-deforming constric-
tion such that a pressure is applied to the anucleate cell
causing perturbations of the anucleate cell large enough
for a payload to pass through, and incubating the anu-
cleate cell in a payload-containing solution for an amount
of time after the cell passes through the constriction to
allow for the payload to enter into the cytosol of the anu-
cleate cell. Further embodiments of the inventions are
directed to methods of treating an infection or disease
comprising passing an anucleate cell suspended in a
buffer through a microfluidic device comprising a cell-
deforming constriction and incubating the cell in a pay-
load-containing solution for a predetermined amount of
time, waiting for the perturbations to close such that the
payload is contained intracellularly, and administering
the cell to a patient in need. In still further embodiments
said payload-containing solution includes a drug used in
the treatment of malaria or sickle cell anemia.
[0032] Each embodiment in this specification is to be
applied mutatis mutandis to every other embodiment un-
less expressly stated otherwise.
[0033] The details of the disclosure are set forth in the
accompanying description below. Although methods and
materials similar or equivalent to those described herein
can be used in the practice or testing of the present dis-
closure, illustrative methods and materials are now de-
scribed. Other features, objects, and advantages of the
disclosure will be apparent from the description and from
the claims. In the specification and the appended claims,
the singular forms also include the plural unless the con-
text clearly dictates otherwise. Unless defined otherwise,
all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordi-
nary skill in the art to which this disclosure belongs. All
patents and publications cited in this specification are
incorporated herein by reference in their entireties.
[0034] As used in this specification and the appended
claims, the singular forms "a," "an" and "the" include plu-
ral references unless the content clearly dictates other-
wise.
[0035] As used in this specification, the term "and/or"
is used in this disclosure to either "and" or "or" unless
indicated otherwise.
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[0036] The term "about" as used herein refers to the
usual error range for the respective value readily known
to the skilled person in this technical field. Reference to
"about" a value or parameter herein includes (and de-
scribes) embodiments that are directed to that value or
parameter per se.
[0037] Throughout this specification, unless the con-
text requires otherwise, the word "comprise", or varia-
tions such as "comprises" or "comprising", will be under-
stood to imply the inclusion of a stated element or integer
or group of elements or integers but not the exclusion of
any other element or integer or group of elements or in-
tegers.
[0038] In the descriptions above and in the claims,
phrases such as "at least one of" or "one or more of" may
occur followed by a conjunctive list of elements or fea-
tures. The term "and/or" may also occur in a list of two
or more elements or features. Unless otherwise implicitly
or explicitly contradicted by the context in which it is used,
such a phrase is intended to mean any of the listed ele-
ments or features individually or any of the recited ele-
ments or features in combination with any of the other
recited elements or features. For example, the phrases
"at least one of A and B;" "one or more of A and B;" and
"A and/or B" are each intended to mean "A alone, B alone,
or A and B together." A similar interpretation is also in-
tended for lists including three or more claims. For ex-
ample, the phrases "at least one of A, B, and C;" "one or
more of A, B, and C;" and "A, B, and/or C" are each
intended to mean "A alone, B alone, C alone, A and B
together, A and C together, B and C together, or A and
B and C together." In addition, use of the term "based
on," above and in the claims is intended to mean, "based
at least in part on," such that an unrecited feature or el-
ement is also permissible.

Microfluidics Systems and Devices

[0039] As used herein, "microfluidics systems" refers
to systems in which low volumes (e.g., mL, nL, pL, fL) of
fluids are processed to achieve the discrete treatment of
small volumes of liquids. Certain implementations de-
scribed herein include multiplexing, automation, and high
throughput screening. The fluids (e.g., a buffer, a solu-
tion, a payload-containing solution, or a cell suspension)
can be moved, mixed, separated, or otherwise proc-
essed. In certain embodiments described herein, micro-
fluidics systems are used to apply mechanical constric-
tion to a cell suspended in a buffer, inducing perturbations
in the cell (e.g., holes) that allow a payload or compound
to enter the cytosol of the cell.
[0040] As used herein, a "constriction" refers to a por-
tion of a microfluidics channel defined by an entrance
portion, a centerpoint, and an exit portion, wherein the
centerpoint is defined by a width, a length, and a depth.
As used herein, "width of constriction" refers to the width
of the microfluidics channel at the centerpoint. In some
embodiments, the constriction has a width of less than

about 6mm. For example, in some embodiments the con-
striction may be less than about 6mm, 0.7mm, 0.8mm,
0.9mm, 1mm, 1.5mm, or less than 2mm. n some embod-
iments, the constriction has a width of less than about
4mm. In certain aspects of the invention, the constriction
has a width between about 0.5mm and about 4mm. In
further embodiments, the constriction has a width be-
tween about 3mm and 4mm. In further embodiments, the
constriction has a width between about 2mm and 4mm.
In further aspects, the constriction has a width of about
3.9mm or less. In further aspects, the constriction has a
width of about 3mm. In certain embodiments, the con-
striction is configured such that a single cell passes
through the constriction at a time.
[0041] As used herein "length of constriction" refers to
the length of the microfluidics channel at the centerpoint.
In certain aspects of the invention, the length of the con-
striction is about 30mm or less. In some embodiments,
the length of the constriction is between about 10mm and
about 30mm. In certain embodiments, the length of the
constriction is between about 10mm and about 20mm.
For example, the length of the constriction may be about
11mm, 12mm, 13mm, 14mm, 15mm, 20mm, or about
25mm, including all integers, decimals, and fractions be-
tween 10mm and 30mm. The length of the constriction
can vary to increase the length of time a cell is under
constriction (e.g., greater lengths result in longer con-
strictions times at a given flow rate). The length of the
constriction can vary to decrease the length of time a cell
is under constriction (e.g., shorter lengths result in shorter
constriction times at a given flow rate).
[0042] As used herein, "depth of constriction" refers to
the depth of the microfluidics channel at the centerpoint.
The depth of constriction can be adjusted to provide a
tighter constriction and thereby enhance delivery, similar
to adjustments of the constriction width. In some embod-
iments, the depth of the constriction is between about
1mm and about 1mm, including all integers, decimals,
and fractions between 1mm and 1mm. In some embod-
iments, the depth is about 20mm. In some embodiments
the depth is uniform throughout the channel. In certain
embodiments, the depth is decreased at the point of con-
striction to result in a greater constriction of the cell. In
some embodiments, the depth is increased at the point
of constriction to result in a lesser constriction of the cell.
In some embodiment, the depth of the constriction is
greater than the width of the constriction. In certain em-
bodiments, the depth of constriction is less than the width
of the constriction. In some embodiments, the depth of
constriction and the width of the constriction are equal.
[0043] As used herein, the dimensions of the microflu-
idic device are denoted by length, width, and number of
constrictions. For example, a microfluidics device with a
constriction length of 30mm, a width of 5mm, and 5 con-
strictions is represented herein as 30 x 5 x 5 (L x W x #
of constrictions).
[0044] In some embodiments, the microfluidics system
comprises at least one microfluidics channel comprising
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at least one constriction. In some embodiments, the mi-
crofluidics system comprises multiple microfluidics chan-
nels each comprising at least one constriction. For ex-
ample, the microfluidics system may comprise 2, 3, 4, 5,
6, 7, 8, 9, 10, 50, 100, 500, 1000, or greater microfluidics
channels, including all integers from 10 to 50, 50 to 100,
100 to 500, 500 to 1000, and the like. In certain aspects,
the multiple microfluidics channels each comprising one
constriction are arranged in parallel. In certain aspects,
the multiple microfluidics channels each comprising one
constriction are arranged linearly in series. In certain as-
pects of the invention, the microfluidics system compris-
es one microfluidics channel comprising multiple con-
strictions. For example, one microfluidics channel may
comprise 2, 3, 4, 5, 10, 20, or greater constrictions. In
some embodiments, the microfluidics system comprises
multiple microfluidics channels comprising multiple con-
strictions. In some aspects of the invention, the multiple
microfluidics channels comprising multiple constrictions
are arranged in parallel. In some aspects of the invention,
the multiple microfluidics channels comprising multiple
constrictions are arranged linearly in series.
[0045] The entrance portion may comprise a "constric-
tion angle" that can vary to increase or decrease how
quickly the diameter of the channel decreases towards
the centerpoint of the constriction. The constriction angle
can vary to minimize clogging of the microfluidics system
while cells are passing therethrough. For example, the
constriction angle may be between 1 and 140 degrees.
In certain embodiments, the constriction angle may be
between 1 and 90 degrees. The exit portion may also
comprise an angle to reduce the likelihood of turbu-
lence/eddies that can result in non-laminar flow. For ex-
ample, the angle of the exit portion may be between 1
and 140 degrees. In certain embodiments, the angle of
the exit portion may be between 1 and 90 degrees.
[0046] The cross-section of the microfluidics channel,
the entrance portion, the centerpoint, and the exit portion
may vary. Non-limiting examples of various cross-sec-
tions include circular, elliptical, an elongated slit, square,
hexagonal, or triangular cross-sections.
[0047] The velocity at which the anucleate cells (e.g.,
RBCs) pass through the microfluidics channels de-
scribed herein can also be varied to control delivery of
the delivery material to the cells. For example, adjusting
the velocity of the cells through the microfluidics channel
can vary the amount of time that pressure is applied to
the cells, and can vary how rapidly the pressure is applied
to the cell. In some embodiments, the cells can pass
through the microfluidics system at a rate of at least 0.1
mm/s. In further embodiments, the cells can pass through
the microfluidics system at a rate between 0.1 mm/s and
5 m/s, including all integers and decimals therein. In still
further embodiments, the cells can pass through the mi-
crofluidics system at a rate between 10 mm/s and 500
mm/s, including all integers and decimals therein. In
some embodiments, the cells can pass through the sys-
tem at a rate greater than 5 m/s.

[0048] Cells are moved (e.g., pushed) through the mi-
crofluidics channels by application of pressure. In some
embodiments, said pressure is applied by a cell driver.
As used herein, a cell driver is a device or component
that applies a pressure or force to the buffer or solution
in order to drive a cell through a constriction. In some
embodiments, a pressure can be applied by a cell driver
at the inlet. In some embodiments, a vacuum pressure
can be applied by a cell driver at the outlet. In certain
embodiments, the cell driver is adapted to supply a pres-
sure greater than 90 psi. For example, the pressure sup-
plied by the cell driver can be greater than 91, 92, 93,
94, 95, 100, 110, 120, 130, or 150 psi. In further embod-
iments, the cell driver is adapted to apply a pressure of
120 psi. In certain embodiments, the cell driver is selected
from a group consisting of a pressure pump, a gas cyl-
inder, a compressor, a vacuum pump, a syringe pump,
a peristaltic pump, a pipette, a piston, a capillary actor,
a human heart, human muscle, gravity, a microfluidics
pumps, and a syringe. Modifications to the pressure ap-
plied by the cell driver also affect the velocity at which
the cells pass through the microfluidics channel (e.g.,
increases in the amount of pressure will result in in-
creased cell velocities).
[0049] When a cell (e.g., an anucleate cell) passes
through the constriction, its membrane is perturbed caus-
ing temporary disruptions in the membrane and resulting
in the uptake of the payload that is present in the sur-
rounding media. As used herein, these temporary dis-
ruptions are referred to as "perturbations." Perturbations
created by the methods described herein are breaches
in a cell that allow material from outside the cell to move
into the cell. Non-limiting examples of perturbations in-
clude a hole, a tear, a cavity, an aperture, a pore, a break,
a gap, or a perforation. The perturbations (e.g., pores or
holes) created by the methods described herein are not
formed as a result of assembly of protein subunits to form
a multimeric pore structure such as that created by com-
plement or bacterial hemolysins.

Anucleate Cells and Physiology

[0050] As used herein, "anucleate cells" refer to cells
lacking a nucleus. Such cells can include, but are not
limited to, platelets, red blood cells or erythrocytes (used
interchangeably herein), and reticulocytes. Reticulo-
cytes are immature (e.g., not yet biconcave) red blood
cells, typically comprising about 1% of the red blood cells
in the human body. Reticulocytes are also anucleate. In
certain embodiments, the systems and methods de-
scribed herein are used the treatment and/or processing
of enriched (e.g., comprising a greater percentage of the
total cellular population than would be found in nature),
purified, or isolated (e.g. from their natural environment,
in substantially pure or homogeneous form) populations
of anucleate cells (e.g. RBCs, reticulocytes, and/or plate-
lets). In certain embodiments, the systems and methods
described herein are used the treatment and/or process-
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ing of whole blood containing RBCs, reticulocytes, plate-
lets as well as other blood cells. Purification or enrichment
of these cell types is accomplished using known methods
such as density gradient systems (e.g., Ficoll-Hypaque),
fluorescence activated cell sorting (FACS), magnetic cell
sorting, or in vitro differentiation of erythroblasts and
erythroid precursors.
[0051] Red blood cells comprise 40-45% of the total
blood volume are structurally and functionally unique and
are more flexible than cells with a nucleus. RBCs are the
primary means for oxygen delivery throughout the human
body, and the cytoplasm of an erythrocyte is rich in the
oxygen-carrier biomolecule, hemoglobin. As such, RBCs
lack most organelles (including a nucleus), which signif-
icantly alters their physical properties compared to enu-
cleated cells. The biconcave shape of RBCs also con-
tributes to their unique physical properties. RBCs are bi-
concave discs with an average disc thickness of
2-2.5mm, and a minimum thickness in the center of
0.8-1mm. This geometry provides extra surface area and
enables shape change without increasing surface area.
[0052] The cell membranes of RBCs also play an im-
portant role in providing properties essential for physio-
logical cell function (e.g., surface deformability stability,
flexibility, adhesion, and immune recognition). In addition
to the lipid bilayer found in cell membranes of almost all
living organisms and viruses, RBCs also contain a car-
bohydrate-rich, glycoprotein-polysaccharide covering on
their exterior, referred to as glycoalyx. This glycocalyx
covering is only found in some bacteria, epithelial cells
and RBCs. It is a porous layer that is resistant to pene-
tration, and serves to protect against vascular thrombosis
(e.g., atherothrombosis) and other diseases. Within the
RBC lipid bilayer, cholesterol is distributed evenly be-
tween the inner and outer leaflets, and five major phos-
pholipids (phosphatidylcholine, sphingomyelin, phos-
phatidylethanolamine, phosphoinositol, phosphatidyl-
serine) are asymmetrically distributed among the bilayer.
This asymmetrical distribution of phospholipids is critical
for cell integrity and function (e.g., exposure of a phos-
pholipid potentiates adhesion of RBCs to vascular en-
dothelial cells, therefore preventing normal transit
through the microvasculature).
[0053] Thus, due to (1) a biconcave geometry, 2) a lack
of nucleus or other organelles reducing resistance to de-
formation, (3) cytoplasmic viscosity reflecting high hemo-
globin concentration, (4) a lack of active membrane repair
processes and (5) a unique membrane composition,
RBCs have a deformability phenomenon not present in
any other cell of mammalian organisms. This phenome-
non allows them to behave like elastic bodies and change
their shape extensively, characteristics that change with
age.
[0054] RBCs change rigidity as they age. Irreducible
complexation of hemoglobin with spectrin is a prominent
marker of the in vivo aging process for RBCs, and may
be tightly correlated with increased RBC rigidity, de-
creased deformability, echinocytosis, and erythrophago-

cytosis (Aging and death signaling in mature red cells:
from basic science to transfusion practice; Marianna H.
Antonelou, Anastasios G. Kriebardis, and Issidora S. Pa-
passiderr; Blood Transfus. 2010 Jun; 8 (Suppl 3): s39-
s47).
[0055] The successful processing of RBCs by the mi-
crofluidics systems described herein was an unexpected
experimental outcome. The systems introduce material
to the cytosol of cells through the mechanical introduction
of perturbations in the cell membrane, which allows the
materials to pass through and remain intracellular after
the restoration of cell membrane integrity. Thus, the suc-
cessful processing of RBCs by the systems described
herein, which depends on the successful repair of the
cellular membrane, occurred in RBCs despite a lack of
active membrane repair processes.

Processing Anucleate Cells for Delivery of Cargo

[0056] As described above, the shape of an RBC is
distinct from other mammalian cells. As a consequence
of their asymmetric, biconcave shape, RBCs have the
potential to enter and pass through the constriction in
different orientations. This property is not present in other
cells, which have a more or less spherical shape when
in suspension. This is an unexpected element from a
delivery stand point. For example, RBCs progressing
through the constriction of the microfluidics devices de-
scribed herein at their widest dimension are more likely
to have the cell membrane disrupted, while RBCs pro-
gressing through the constriction at their narrowest di-
mension are less likely to have the cell membrane dis-
rupted. Thus, the range of the constriction dimensions of
the microfluidics devices and systems described herein
is lower than earlier configurations in order to overcome
the difficulties in working with cells of such unique char-
acter and dimensions (e.g., anucleate and asymmetrical
cells such as RBCs). In some embodiments, anucleate
cells are processed with the microfluidics systems de-
scribed herein in which the microfluidics channel com-
prises a constriction with a width of at least about 6mm
or less. For example, RBCs may be processed with a
constriction width of about 1, 2, 3, 4, 5, or about 6mm. In
other embodiments, the constriction width is between
1mm and 4mm. In further embodiments, the constriction
width is between 2mm and 4mm.
[0057] As used herein, a "buffer" refers to standard
buffers or standard physiologically-compatible buffered
solutions used to suspend the cells as they are proc-
essed. A buffer can be any buffer commonly used in the
art including, but not limited to, maleic acid, phosphoric
acid, citric acid, malic acid, formic acid, lactic acid, suc-
cinic acid, acetic acid, pivalic acid, phosphoric acid, L-
histidine, MES, bis-tris, MOPSO, PIPES, imidazole,
MOPS, BES, TES, HEPES, DIPSO, TAPSO, TEA, NaCl,
KCl, Na2HPO4, KH2PO4, Na2CO3, or NaHCO3. Non-lim-
iting examples of buffered solutions include phosphate
buffered saline (PBS), and media commonly used in cell
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culture such as RPMI, DMEM, or IMDM. In some em-
bodiments, hypotonic and/or hypoosmolar buffers are
advantageous as they cause RBCs to swell rendering
them more receptive to being squeezed as they proceed
through the device and be more susceptible to mem-
brane poration using mechanical deformation.
[0058] Surfactants can also be added to a buffer in
order to reduce clogging of the microfluidics channel dur-
ing operation. Surfactants can include poloxamer, ani-
mal-derived serum, and albumin protein, among others.
[0059] In certain embodiment described herein, both
normal RBCs and altered RBCs (e.g., diseased or infect-
ed) are effectively processed using the microfluidics sys-
tems described herein. "Normal" RBCs refer to healthy,
unaltered RBCs such as those not affected by a genetic
or non-genetic abnormality or not infected with a patho-
gen such as a virus, bacteria, or parasite. Normal RBCs
can be obtained from healthy individuals, such as indi-
viduals not infected with a pathogen and not suffering
from a disease. Normal RBCs can be obtained from ex
vivo culture systems, in which the resultant RBC popu-
lation is not infected with any pathogen and is not exper-
imentally altered to mimic a disease state. "Altered"
RBCs refer to infected or diseased RBCs. "Infected
RBCs" can refer to an RBC or population of RBCs that
are infected with a bacteria, virus, or parasite (e.g., P.
falciparum). "Diseased RBCs" can refer to an RBC or
population of RBCs affected by a genetic or non-genetic
abnormality resulting in decreased RBC function,
number, or viability (e.g. sickle cell anemia). Altered
RBCs (e.g., infected or diseased RBCs) can be obtained
from an individual suffering from an infection or disease.
Altered RBCs can be obtained from ex vivo culture sys-
tems in which the resultant populations of RBCs is ex-
posed to a pathogen (e.g. P. falciparum) or is experimen-
tally altered to mimic a diseased state.
[0060] In certain embodiments, both normal (e.g. un-
infected or non-diseased) RBCs and altered (e.g. infect-
ed or diseased) RBCs are successfully treated with the
microfluidics systems described herein and cargo effec-
tively delivered to both populations of RBCs. For exam-
ple, RBCs infected with P. falciparum and RBCs unin-
fected with P. falciparum were successfully treated and
the level of cargo delivery was comparable between the
two populations. In certain embodiments, the level of car-
go delivery is increased in normal RBCs compared to
altered RBCs. In certain embodiments, the level of cargo
delivery is decreased in normal RBCs compared to al-
tered RBCs.
[0061] As used herein "payload" refers to the material
that is being delivered to the anucleate cell (e.g. an RBC).
"Payload", "cargo", "delivery material", and "compound"
are used interchangeably herein. In some embodiments,
a payload may refer to a protein, a small molecule, a
nucleic acid (e.g. RNA and/or DNA), a lipid, a carbohy-
drate, a macromolecule, a vitamin, a polymer, fluorescent
dyes and fluorophores, carbon nanotubes, quantum
dots, nanoparticles, and steroids. In some embodiments,

the payload may refer to a protein or small molecule drug.
RBCs delivered with drug can act as long-term drug car-
riers in the body. In some embodiments, a protein or small
molecule drug is delivered into malaria-causing parasite-
infected cells (e.g. P. falciparum infected RBCs) to confer
a clinical benefit to subjects suffering from malaria. In
certain embodiments, small molecule drugs, e.g., purine-
based antiviral agents (DeBellis et al., 2003, Blood Cells
Mol. Dis. 31:286-290; hereby incorporated by reference),
or peptides, e.g., tri- or tetra- peptides (Votano et al.,
1977, Science 196:1216-1219; hereby incorporated by
reference) are delivered to RBCs affected with sickle cell
anemia in order to confer a clinical benefit to subjects
suffering from sickle cell anemia.
[0062] In some embodiments, an infected cell refers
to a cell infected with a parasite that causes malaria. Such
parasites are found in the Plasmodium genus and can
include P. falciparum, P. vivax, P. ovale, P malariae, and
P. knowlesi. In further embodiments, an infected cell re-
fers to a cell infected with P. falciparum. In some embod-
iments, a diseased cell refers to a cell (e.g. an anucleate
cell) affected by anemias including iron-deficiency ane-
mia aplastic anemia, thalassemia, and sickle cell anemia,
polycythemia vera, and thrombocytopenias including id-
iopathic thrombocytopenic purpura. In further embodi-
ments, a diseased cell refers to a cell affected by sickle
cell anemia.
[0063] Non-limiting examples of drugs used in the
treatment of malaria that can be delivered to RBCs in-
fected with malaria-causing parasites (e.g. P. falciparum
infected RBCs) include chloroquine (also known as
Aralen™), atovaquone-proguanil (also known as Malar-
one), artemether/lymefantrine (also known as Coartem),
quinine sulfate (also known as Qualaquin, QM-260, and
Quinamm), mefloquine (also known as Lariam), hydrox-
ychloroquine (also known as Plaquineil Sulfate and Qu-
nieprox), primaquine, quinidine (also known as Quin-G,
Cardioquin, Quinora, Quinidex Extentabs, Quinaglute
Dura-Tabs, Quin-Release), artesunate, artemisinin, sul-
fadoxine/pryimethamine (also known as Fansidar), amo-
diaquine, sulfonamides, and halofantrine (also known as
Halfan). RBCs infected with malaria-causing parasites
(e.g. P. falciparum infected RBCs) can also be delivered
with antibiotics such as doxycycline, tetracycline, and
clindamycin.
[0064] In some embodiments, proteins and/or en-
zymes are delivered to RBCs for the treatment of sickle
cell disease. Non-limiting examples of drugs used in the
treatment of sickle cell disease (e.g. sickle cell anemia)
that can be delivered to RBCs affected with sickle cell
anemia include hydroxyurea, hydrea, vitamin E, droxia,
Aqual Sol E, L-glutamine, Aquavite E, GlutaSolve, Alpha
E, E-400 clear, Nutr E Sol, E-600, E Gems, Aqua E, Aqua
Gem E, SYMPT-XG, Nutrestore, purine-based antiviral
agents including acyclovir, ganciclovir, valacyclovir, pen-
ciclovir, and tri-and tetra-peptides.
[0065] In some embodiments, a payload is delivered
to a population of RBCs in order to treat a condition that

17 18 



EP 4 257 675 A2

11

5

10

15

20

25

30

35

40

45

50

55

does not necessarily affect the population of RBCs them-
selves. In such embodiments, RBCs can act as long term
drug carriers, or "drug depots." As used herein, "drug
depot" refers to a long-term circulating RBC population
that has been processed by the microfluidics systems
described herein and contains a payload, compound, or
cargo that is slowly released throughout an organism.
The population of RBCs comprising the drug depot can
be infected and/or diseased, uninfected and/or non-dis-
eased, or a combination of infected and/or diseased and
uninfected and/or diseased. The half-life of an RBC is
approximately 127 days. Therefore at least a portion of
the population of drug-depot RBCs can persist for about
254 days. In some embodiments, the population of drug
depot RBCs can be replenished at a predetermined time
point during treatment. In some embodiments, the pop-
ulation of drug depot RBCs can be replenished more than
once at predetermined time points during treatment. For
example, drug depot RBCs can be replenished 2, 3, 4,
5, 6, 7, 8, 9, 10 or more times during treatment. In some
embodiments, the number of RBCs to be used as a drug
depot can be increased to increase to concentration of
payload to be released overtime. In some embodiments,
the concentration of payload delivered to the RBCs to be
used as a drug depot can be increased in order to in-
crease the concentration of payload to be released over-
time. The drug-depot RBCs can be used for the treatment
of numerous diseases or disorders, including but not lim-
ited to cancer
[0066] In some embodiments, RBC drug depots can
be used as the sole treatment for a disease or disorder.
In some embodiments, RBC drug depots can be used in
combination with a conventional therapy for a given dis-
ease or disorder. In some embodiments, RBC drug de-
pots can be utilized as a maintenance therapy after the
completion of conventional therapy for a given disease
or disorder. In further embodiments, RBC drug depots
can be utilized prior to the initiation of conventional ther-
apy. In some embodiments, RBC drug depots can be
utilized both prior to the initiation and after the completion
of a conventional therapy for a given disease or disorder.
In further embodiments, RBC drug depots can be utilized
prior to the onset of a disease or disorder in order to
prevent the onset of the disease or disorder.
[0067] As used herein, a "patient" includes any mam-
malian subject from which a sample can be acquired. In
certain embodiments, the mammal is a human. The
methods of the present disclosure can also be employed
for the treatment of non-human primates (e.g. monkeys,
baboons, and chimpanzees) mice, rats, bovines, horses,
cats, dogs, pigs, rabbits, goats, deer, sheep, ferrets, ger-
bils, guinea pigs, hamsters, bats, birds (e.g., chickens,
turkeys, and ducks), fish and reptiles. As used herein, a
"patient in need thereof’ is a patient suffering from a dis-
ease or infection, including but not limited to cancer.
[0068] In some embodiments, cells are incubated in a
payload-containing solution or buffer for a period of time
after undergoing processing with the microfluidics sys-

tems described herein. For example, cells can be incu-
bated in a payload-containing solution or buffer for 1 to
10 minutes or longer. As such, the incubation time period
can be 2, 3, 4, 5, 6, 7, 8, or 9 minutes (or any decimal
thereof) or longer. In some embodiments, the incubation
time period is 15, 20, 30, 60 minutes or longer. In certain
embodiments, cells are incubated in a payload-contain-
ing solution or buffer for a period of time before under-
going processing with the microfluidics systems de-
scribed herein. In certain embodiments, cells are proc-
essed as described herein while in a payload-containing
solution or buffer.
[0069] The devices, technologies, and methods de-
scribed herein are implemented ex vivo, for example in
a laboratory, centralized manufacturing facility, or cell-
processing facility. In further embodiments, the devices,
technologies, and methods are used as a bedside system
in which patient samples, e.g., blood samples, or frac-
tionated blood cell populations, are processed using a
microfluidic device described herein, or a syringe adapt-
ed to include a constriction of appropriate size to deliver
molecules to patient cells (e.g., RBCs). Such a system
is analogous to a bedside dialysis system.

EXAMPLES

EXAMPLE 1: OPTIMIZATION OF MICROFLUIDIC 
SYSTEMS FOR DELIVERY OF MATERIALS TO ANU-
CLEATE CELLS

[0070] Microfluidic systems capable of delivering a va-
riety of compounds to anucleate cells were constructed.
As described below, these microfluidic systems were
constructed to allow for the passage of an anucleate cell
suspended in a buffer through a constriction configured
to cause perturbations in the cell large enough for a pay-
load (e.g., compound or macromolecule) to pass through
the cellular membrane and into the cytosol, resulting in
a delivered cell. As shown in FIG. 1A and FIG. 1B, the
microfluidic system (5) includes a channel that defines a
tubular lumen. The microfluidic channel includes a con-
striction (15) that can be configured such that only a sin-
gle cell (20) can pass through the constriction at one time.
The cell can pass through the channel suspended in a
buffer (25) that also includes delivery materials (30), al-
though the delivery materials can be added to the buffer
before or after the cells pass through the constriction. As
the cell approaches and passes through the constriction,
the constriction applies pressure (e.g., mechanical com-
pression) to the cell, thereby squeezing the cell (shown
as cell 201). The pressure applied to the cell by the con-
striction causes perturbations (e.g., holes) in the cell
membrane, resulting in a perturbed cell (202). Once the
cell passes through the constriction, the perturbed cell
begins to take up material in the buffer through the per-
turbations, including the delivery material, resulting in a
delivered cell (203). The cell membrane recovers over
time, and at least a portion of the delivery material re-
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mains trapped inside the cell.
[0071] The ability of the microfluidic system to deform
anucleate cells (e.g. RBCs) in order to deliver materials
to the cytosol was optimized through modulation of pa-
rameters that define the centerpoint of the constriction
(e.g. width, length, and depth), the pressure applied to
the buffer to force the cell through the constriction, and
the nature of the buffer. As illustrated in FIG. 2A-2B, the
constriction includes an entrance portion, a centerpoint,
and an exit portion. The centerpoint of constriction is de-
fined by three measurements; a length (L), a width (W),
and a depth. Optimal delivery of materials to RBCs re-
quired a width of less than 4 mm. Further, a pressure in
excess of 90 pounds/inch2 (psi) (e.g. 120 psi) resulted in
perturbations sufficient for a payload to pass through the
cell membrane and into the cytosol. One challenge of
utilizing mechanical constriction to deliver material to
RBCs is their asymmetric, biconcave shape. This shape
results in RBCs having a narrow dimension and a wide
dimension, while many other cells have a relatively
spherical shape while in suspension. Consequently,
RBCs in a homeostatic state could pass through the con-
striction in different orientations, potentially reducing the
efficacy of the microfluidic system. This challenge can
be overcome through the use of a hypotonic buffer (e.g.
PBS) which causes the RBCs to swell and exist in a more
spherical shape. The use of hypotonic buffers can miti-
gate the effects of an RBC’s asymmetric shape on the
efficacy of the microfluidics systems described herein.
Additionally, arrangement of multiple microfluidics chan-
nels and constriction in series or in parallel allowed for
the development of microfluidics systems described
herein that can deliver materials to RBCs.

EXAMPLE 2: DELIVERY OF MATERIAL TO RBCs

[0072] The ability of the microfluidics devices de-
scribed herein to deliver material to human RBCs was
tested using fluorescently labeled dextran polymers and
fluorescent fusion proteins. Briefly, human RBCs were
isolated from fresh blood and cultured in whole growth
media. RBCs were infected with P. falciparum. Cells were
harvested at four different time points post-infection. FIG.
3C shows thin film smears of red blood cell samples
stained with Giemsa, highlighting the malarial parasites
at various growth stages. Time point 1 reflects ring-stage
parasites (< 18 hours post-invasion), time point 2 reflects
trophozoite-stage parasites (< T1 + 8 hours), time point
3 reflects trophozoite-stage parasites (T1 + 22 hours),
and time point 4 schizont-stage parasites (T1 + 30 hours).
RBCs at different stages of infection were harvested at
the indicated time points and suspended in PBS at a den-
sity of 1x108 cells/mL. A given sample exposed to P.
falciparum had both infected and uninfected cells. 70 kDa
fluorescein-labeled dextran or 10 kDa APC-labeled dex-
tran was delivered to the suspensions of infected and
uninfected RBCs using microfluidics systems with one
of two designs. One microfluidics system design com-

prised a single constriction with a length of 10 mm and a
width of 4 mm (10 x 4). The other microfluidics system
design comprised 5 constrictions arranged in parallel,
each with a length of 30mm and a width of 5mm (30 x 5x5).
[0073] The ability of each microfluidics design to load
70 kDa FITC-labeled dextran (FIG. 3A) or 10 kDa APC-
labeled dextran (FIG. 3B) into a mixed population of un-
infected, enucleated red blood cells and infected, enu-
cleated red blood cells at growth time points 1-4, was
measured by flow cytometry. In each experiment, inlet
cells (cells that had not passed through the constriction
but had been exposed to the fluorescent delivery mate-
rials) were analyzed as negative controls for passive up-
take of material. The histograms included in FIG. 3A and
FIG. 3B illustrate the appearance of a delivered popula-
tion relative to the undelivered group. The larger histo-
gram peaks represent the undelivered population while
the smaller peaks with higher fluorescence intensity rep-
resent the delivered population.
[0074] Loading of both the 70 kDa dextran-fluorescein
conjugate (FIG. 3A) and 10 kDa dextran-APC conjugate
(FIG. 3B) was maximal with a 30 x 5 x 5 channel geometry
with parasites at the trophozoite-stage (time point 3). De-
livery of 10 kDa dextran-APC resulted in a greater per-
centage of delivered RBCs than delivery of 70 kDa dex-
tran-fluorescein, likely due to the smaller size of the de-
livery material. The ability of these microfluidics systems
to successfully deliver material to RBC was an unexpect-
ed experimental outcome. RBCs are known to lack active
membrane repair processes that would aid the closing
of the induced perturbations and restoration of mem-
brane integrity. However, the delivery of material to the
cytosol of RBCs was successful in the absence of these
active processes.
[0075] The conditions identified above (trophozoite-
stage parasites and 30 x 5 x 5 geometry) were used to
measure loading of the APC and fluorescein dextran con-
jugates and a 62 kDa recombinant protein, cyan fusion
protein (CFP) - yellow fusion protein (YFP) fusion (CFP-
YFP fusion) into parasitized vs. non-parasitized RBCs.
The CFP-YFP fusion protein is charged, globular, and
has a defined 3-dimensional structure representative of
numerous proteins that can be delivered to confer clinical
benefit and was thus used to mimic delivery of a physi-
ologically-relevant protein. RBCs were infected with ma-
laria and cells were harvested at the trophozoite-stage
of growth for analysis. The experimental group infected
with P. falciparum (+Pf) comprised both infected and un-
infected RBCs. A separate group that was not exposed
to P. falciparum was used as a negative control (-Pf).
FIG. 4B is a stained picture of P. falciparum-infected cells.
These data demonstrate successful delivery of materials
of various physical characteristics (e.g., size, 3-D struc-
ture, and charge), and further indicate that both infected
and uninfected RBCs can be successfully treated and
cargo delivered using the microfluidics systems de-
scribed herein. This result was surprising in light of the
fact that parasite infection of RBCs (and replication of
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the parasite in the cells) renders the infected cells less
flexible compared to uninfected cells. These data also
indicate that the above described microfluidics devices
and systems can be used to deliver a broad range of
materials including lipids, polymers, nanoparticles, RNA,
DNA, antibodies, proteins, impermeable small mole-
cules, and fluorophores as shown in FIG. 5.
[0076] The subject matter described herein can be em-
bodied in systems, apparatus, methods, and/or articles
depending on the desired configuration. The implemen-
tations set forth in the foregoing description do not rep-
resent all implementations consistent with the subject
matter described herein. Instead, they are merely exam-
ples consistent with aspects related to the described sub-
ject matter. Although a few variations have been de-
scribed in detail above, other modifications or additions
are possible including modifying the constriction design,
angle of incidence of the cells entering the constriction,
depth of constriction, choice of RBC stage and age, buff-
er, cell orientation, speed, temperature, presence of
membrane stabilizing/destabilizing reagents (such as
cholesterol and pluronics), and the like. The current sub-
ject matter is not limited to a laboratory or centralized
manufacturing facility but also can be implemented as a
bedside system, which can process patient samples in
line, similar to a dialysis machine. A syringe type imple-
mentation can be possible. The current subject matter
can be used on RBCs (including erythrocytes and retic-
ulocytes), purified RBCs, and unmodified blood (e.g.,
blood that has undergone limited processing).
[0077] Other implementations are possible. In partic-
ular, further features and/or variations can be provided
in addition to those set forth herein. For example, the
implementations described above can be directed to var-
ious combinations and subcombinations of the disclosed
features and/or combinations and subcombinations of
several further features disclosed above. In addition, the
logic flows depicted in the accompanying figures and/or
described herein do not necessarily require the particular
order shown, or sequential order, to achieve desirable
results. Other implementations may be within the scope
of the following claims.

EMBODIMENTS:

[0078]

1. A microfluidic system for causing perturbations in
a cell membrane, the system comprising: at least
one microfluidic channel defining a lumen and being
configured such that a cell suspended in a buffer can
pass therethrough, wherein the microfluidic channel
comprises at least one cell-deforming constriction
comprising a length, a depth, and a width, wherein
the width of the constriction is less than 4 microme-
ters.

2. The microfluidic system of item 1, wherein said

cell is anucleate.

3. The microfluidic system of item 2, wherein said
cell is one or more of an erythrocyte a reticulocyte,
or a platelet.

4. The microfluidic system of any of the preceding
items, wherein said cell suspended in a buffer com-
prises unmodified blood.

5. The microfluidic system of any of items 1-4, where-
in said cell is a healthy cell.

6. The microfluidic system of any of items 1-5, where-
in said cell is a diseased or infected cell.

7. The microfluidic system of any of items 1-6, where-
in said width is between 0.5 micrometers and 4 mi-
crometers.

8. The microfluidic system of item 7, wherein said
width is between 3 micrometers and 4 micrometers.

9. The microfluidic system of any one of items 7 or
8, wherein the width less than the largest diameter
of the cell.

10. The microfluidic system of any one of items 7-9,
wherein the width is about 20% to about 99% the
largest diameter of the cell.

11. The microfluidic system of any one of items 1-10,
wherein said length is 30 micrometers or less.

12. The microfluidic system of item 11, wherein said
length is between 10 micrometers and 30 microme-
ters.

13. The microfluidic system of items 11 or 12, where-
in said length is between 10 micrometers and 20
micrometers.

14. The microfluidic system of any one of items 1-13,
wherein said depth between 1mm and 1mm.

15. The microfluidic system of item 14, wherein said
depth is between 1mm and 20mm.

16. The microfluidic system of items 14 or 15, where-
in said depth is 20mm.

17. The microfluidic system of any one of items
14-16, wherein said depth and said width are equal.

18. The microfluidic system of any one of items 1-17,
comprising multiple microfluidics channels.

19. The microfluidic system of item 18, wherein said
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multiple microfluidics channels are arranged in par-
allel.

20. The microfluidic system of any one of items 1-19,
comprising multiple cell-deforming constrictions.

21. The microfluidic system of item 20, wherein said
multiple cell-deforming constrictions are arranged in
series in the same microfluidic channel.

22. The microfluidic system of any of the preceding
items, further comprising a cell driver adapted to ap-
ply a pressure to the buffer for passing the cell sus-
pended in the buffer through the cell-deforming con-
striction.

23. The microfluidic system of item 22, wherein the
cell driver is adapted to apply a pressure greater than
90 psi to the buffer.

24. The microfluidic system of item 23, wherein the
cell driver is adapted to apply a pressure of 120 psi.

25. The microfluidic system of any one of items
22-24, wherein the cell driver is selected from a group
comprising a pressure pump, a gas cylinder, a com-
pressor, a vacuum pump, a syringe, a syringe pump,
a peristaltic pump, a pipette, a piston, a capillary ac-
tor, a human heart, human muscle, gravity, a micro-
fluidic pump, and a syringe.

26. The microfluidic system of any one of items 1-25,
wherein a cross-section of the channel is selected
from the group consisting of circular, elliptical, an
elongated slit, square, hexagonal, and triangular.

27. A method comprising:

passing a cell suspended in a buffer through a
microfluidic channel that includes a cell-deform-
ing constriction such that a pressure is applied
to the cell causing perturbations of the cell large
enough for a payload to pass through, wherein
a width of the constriction is less than 4 microm-
eters; and
incubating the cell in a payload-containing solu-
tion for a predetermined time before or after the
cell passes through the constriction.

28. The method of item 27, wherein said cell is anu-
cleate.

29. The method of item 28, wherein said cell is one
or more of red blood cells, erythrocytes, reticulo-
cytes, and platelets.

30. The method of any of items 27-29, wherein said
cell is a healthy cell.

31. The method of any of items 27-30, wherein said
cell is an infected cell or a diseased cell.

32. The method of any of items 27-31, wherein the
cell suspended in a buffer includes unmodified blood.

33. The method of any of items 27-32, wherein said
width is between 0.5 micrometers and 4 microme-
ters.

34. The method of item 33, wherein the width is be-
tween 3 micrometers and 4 micrometers.

35. The method of items 33 or 34, wherein the width
is less than the largest diameter of the cell.

36. The method of any one of items 33-35, wherein
the width is about 20% to about 99% the largest di-
ameter of the cell.

37. The method of any of items 27-36, wherein said
pressure applied to the cell is greater than 90 psi.

38. The method of item 37, wherein said pressure
applied to the cell is 120 psi.

39. The method of any of items 27-38, wherein said
buffer is a hypotonic buffer that causes said cell to
swell.

40. The method of any of items 27-39, wherein said
payload-containing solution comprises one or more
of proteins, small molecules, nucleic acids, lipids,
carbohydrates, macromolecules, vitamins, poly-
mers, fluorescent dyes, fluorophores, carbon nano-
tubes, quantum dots, nanoparticles, and steroids.

41. The method of item 40, wherein said payload-
containing solution comprises proteins or dextran
polymers.

42. The method of item 40, wherein said payload-
containing solution comprises proteins and dextran
polymers.

43. The method item 40, wherein said payload-con-
taining solution comprises a small-molecule or a pro-
tein.

44. The method of item 40, wherein the payload-
containing solution comprises a small-molecule and
protein.

45. The method of any of items 40-44, wherein the
payload-containing solution includes one or more of
chloroquine, atovaquone-proguanil, artemeth-
er/lymefantrine, quinine sulfate, mefloquine, hydrox-
ychloroquine, primaquine, quinidine, artesunate, ar-
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temisinin, sulfadoxine/pryimethamine, amodi-
aquine, sulfonamides, halofantrine, doxycycline, tet-
racycline, clindamycin, hydroxyurea, hydrea, vita-
min E, L-glutamine, acyclovir, ganciclovir, valacyclo-
vir, penciclovir, tri-peptides, or tetra-peptides.

46. The method of any of items 27-45, wherein a
cross-section of the microfluidic channel is selected
from the group consisting of circular, elliptical, an
elongated slit, square, hexagonal, and triangular.

47. The method of any of items 27-46, wherein in-
cubating the cell in a payload-containing solution
comprises incubating the cell for 0.0001 seconds to
20 minutes.

48. A method of treating an infection or disease, com-
prising passing a cell suspended in a buffer through
a microfluidic channel that includes a cell-deforming
constriction such that a pressure is applied to the
cell causing perturbations of the cell large enough
for a payload to pass through, wherein a width of the
constriction is less than 4 micrometers;

incubating the cell in a payload-containing solu-
tion for a predetermined time before or after the
cell passes through the constriction;
waiting for a predetermined amount of time for
the perturbations of the cell to close such that
the payload is contained intracellularly; and
administering the cell to a patient in need there-
of.

49. The method of item 48, wherein said cell is anu-
cleate.

50. The method of items 48 or 49, wherein said cell
is one or more of red blood cells, erythrocytes, and
reticulocytes.

51. The method of any of items 48-50, wherein said
cell suspended in a buffer includes unmodified blood.

52. The method of any of items 48-51, wherein said
cell is a healthy cell.

53. The method of any of items 48-52, wherein said
cell is a diseased or infected cell.

54. The method of any of items 48-53, wherein said
width is between 0.5 micrometers and 4 microme-
ters.

55. The method of any of item 54, wherein said width
is between 3 micrometers and 4 micrometers.

56. The method of items 54 or 55, wherein the width
less than the largest diameter of the cell.

57. The method of any one of items 54-56, wherein
the width is about 20% to about 99% the largest di-
ameter of the cell.

58. The method of any of items 48-57, wherein said
pressure applied to the cell is greater than 90 psi.

59. The method of item 58, wherein said pressure
applied to the cell is 120 psi.

60. The method of any of items 48-59, wherein said
buffer is a hypotonic buffer that causes said cell to
swell.

61. The method of any of items 48-60, wherein a
cross-section of the microfluidic channel is selected
from the group consisting of circular, elliptical, an
elongated slit, square, hexagonal, and triangular.

62. The method of any of items 48-61, wherein in-
cubating the cell in a payload-containing solution
comprises incubating the cell for 0.0001 seconds to
20 minutes.

63. The method of any one of items 48-62, wherein
said payload containing solution comprises one or
more of proteins, small molecules, nucleic acids, li-
pids, carbohydrates, macromolecules, vitamins, pol-
ymers, fluorescent dyes, fluorophores, carbon nan-
otubes, quantum dots, nanoparticles, and steroids.

64. The method of any one of item 63, wherein said
payload-containing solution comprises a small mol-
ecule or a protein.

65. The method of any one of item 63, wherein said
payload-containing solution comprises a small mol-
ecule and a protein.

66. The method of any one of items 63-65, wherein
said payload-containing solution includes one or
more of hydroxyurea, hydrea, vitamin E, L-
glutamine, acyclovir, ganciclovir, valacyclovir, pen-
ciclovir, tri-peptides, or tetra-peptides.

67. The method of any one of items 48-66, wherein
said cell is a sickle-cell disease affected cell.

68. The method of items 63-65, wherein said pay-
load-containing solution includes one or more of
chloroquine, atovaquone-proguanil, artemeth-
er/lymefantrine, quinine sulfate, mefloquine, hydrox-
ychloroquine, primaquine, quinidine, artesunate, ar-
temisinin, sulfadoxine/pryimethamine, amodi-
aquine, sulfonamides, halofantrine, doxycycline, tet-
racycline, or clindamycin.

69. The method of any of items 48-65, and 68, where-
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in said cell is infected with a malaria-causing para-
site.

70. The method of item 69, wherein the malaria caus-
ing parasite is P. falciparum.

71. The method of any of items 48-70, wherein the
patient in need thereof suffers from cancer.

72. The method of item 71, wherein the patient in
need thereof suffers from sickle cell disease.

73. The method of item 71, wherein the patient is
infected with a malaria-causing parasite.

74. The method of item 73, wherein the malaria-
causing parasite is P. falciparum.

Claims

1. A microfluidic system for delivering a payload to the
cytosol of an anucleate cell, comprising a microfluidic
channel defining a lumen allowing the anucleate cell
to pass therethrough, wherein the microfluidic chan-
nel comprises a cell-deforming constriction, wherein
the cell-deforming constriction comprises a width,
wherein the width is less than the largest diameter
of the anucleate cell such that the cell-deforming
constriction is capable of inducing perturbations in
the cell membrane of the anucleate cell large enough
for the payload to pass through.

2. The microfluidic system of claim 1, wherein the anu-
cleate cell is: (a) an erythrocyte or a reticulocyte, (b)
suspended in a buffer, or (c) both (a) and (b).

3. The microfluidic system of claim 1 or 2, wherein the
width is 20% to 99% of the largest diameter of the
anucleate cell.

4. The microfluidic system of any one of claims 1 to 3,
wherein:

(a) the cell-deforming constriction comprises a
length which is 30 micrometers or less;
(b) the cell-deforming constriction comprises a
depth which is between 1 micrometer and 1 mil-
limeter;
(c) a cross-section of the microfluidic channel is
selected from the group consisting of circular,
elliptical, an elongated slit, square, hexagonal,
and triangular; or
(d) any combination of (a) to (c).

5. The microfluidic system of any one of claims 1 to 4,
comprising:

(a) multiple microfluidics channels, wherein the
multiple microfluidics channels are arranged in
series or in parallel;
(b) multiple cell-deforming constrictions, where-
in the multiple cell-deforming constrictions are
arranged in series or in parallel in the same mi-
crofluidic channel; or
(c) both (a) and (b).

6. The microfluidic system of any one of claims 1 to 5,
further comprising a cell driver, which is adapted to
apply a pressure to the anucleate cell such that the
anucleate cell is capable of passing through the cell-
deforming constriction, optionally, wherein the cell
driver is selected from the group consisting of a pres-
sure pump, a gas cylinder, a compressor, a vacuum
pump, a syringe, a syringe pump, a peristaltic pump,
a pipette, a piston, a capillary actor, gravity, a micro-
fluidic pump, and a syringe.

7. A method for delivering a payload to the cytosol of
an anucleate cell, comprising:

(a) passing the anucleate cell through a micro-
fluidic channel that includes a cell-deforming
constriction, wherein the cell-deforming con-
striction comprises a width, wherein the width is
less than the largest diameter of the anucleate
cell such that the cell-deforming constriction
causes perturbations within the cell membrane
of the anucleate cell large enough for the pay-
load to pass through; and
(b) incubating the anucleate cell in a payload-
containing solution for a predetermined time be-
fore and/or after the anucleate cell passes
through the cell-deforming constriction such that
the payload is delivered to the cytosol of the anu-
cleate cell through the perturbations.

8. The method of claim 7, wherein the anucleate cell
is: (a) an erythrocyte or a reticulocyte, (b) suspended
in a buffer, or (c) both (a) and (b).

9. The method of claim 7 or 8, wherein the width is 20%
to 99% of the largest diameter of the anucleate cell.

10. The method of any one of claims 7 to 9, wherein:

(a) the cell-deforming constriction comprises a
length which is 30 micrometers or less;
(b) the cell-deforming constriction comprises a
depth which is between 1 micrometer and 1 mil-
limeter;
(c) a cross-section of the microfluidic channel is
selected from the group consisting of circular,
elliptical, an elongated slit, square, hexagonal,
and triangular; or
(d) any combination of (a) to (c).
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11. The method of any one of claims 7 to 10, wherein
the predetermined time is 0.0001 seconds to 20 min-
utes.

12. An anucleate cell for use in a method of treating an
infection or a disease in a subject in need thereof,
comprising:

(a) passing the anucleate cell through a micro-
fluidic channel that includes a cell-deforming
constriction, wherein the cell-deforming con-
striction comprises a width, wherein the width is
less than the largest diameter of the anucleate
cell such that the cell-deforming construction
causes perturbations within the cell membrane
of the anucleate cell large enough for a payload
to pass through,
(b) incubating the anucleate cell in a payload-
containing solution for a predetermined time be-
fore and/or after the anucleate cell passes
through the cell-deforming constriction such that
the payload is delivered to the cytosol of the anu-
cleate cell through the perturbations, and
(c) administering the anucleate cell to the sub-
ject.

13. The anucleate cell for use of claim 12, wherein the
anucleate cell is: (a) an erythrocyte or a reticulocyte,
(b) suspended in a buffer, or (c) both (a) and (b).

14. A composition comprising an anucleate cell which
comprises a payload, wherein the payload was de-
livered into the cytosol of the anucleate cell by:

(a) passing the anucleate cell through a micro-
fluidic channel that includes a cell-deforming
constriction, wherein the cell-deforming con-
striction comprises a width, wherein the width is
less than the largest diameter of the anucleate
cell such that the cell-deforming constriction
causes perturbations within the cell membrane
of the anucleate cell large enough for the pay-
load to pass through; and
(b) incubating the anucleate cell in a payload-
containing solution for a predetermined time be-
fore and/or after the anucleate cell passes
through the cell-deforming constriction such that
the payload is delivered to the cytosol of the anu-
cleate cell through the perturbations.

15. The composition of claim 14, wherein the width is
20% to 99% of the largest diameter of the anucleate
cell.

31 32 



EP 4 257 675 A2

18



EP 4 257 675 A2

19



EP 4 257 675 A2

20



EP 4 257 675 A2

21



EP 4 257 675 A2

22



EP 4 257 675 A2

23



EP 4 257 675 A2

24

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US 62190677 [0001]

Non-patent literature cited in the description

• SHAREI et al. et al., Integr Biol (Camb)., April 2014,
vol. 6 (4), 470-475 [0029]

• DEBELLIS et al. Blood Cells Mol. Dis., 2003, vol. 31,
286-290 [0061]

• VOTANO et al. Science, 1977, vol. 196, 1216-1219
[0061]


	bibliography
	abstract
	description
	claims
	drawings
	cited references

